High-dose ion implantation and annealing have been used previously to synthesize buried compounds in silicon. For example, Co or other metals ͑Fe, Ni, etc.͒ can be implanted into Si and annealed to form buried silicides.
1,2 Ternary metal silicides also have been formed by sequential ion implantation of two metal ions into silicon. 3 Buried SiO 2 layers have been formed by high-dose oxygen implantation, [4] [5] [6] [7] [8] [9] forming the basis for the SIMOX process to produce high-quality silicon-on-insulator materials. Success has also been achieved in forming buried Si 3 N 4 6,8,10 and SiC 7, 11, 12 compounds. Common to each of these examples is the fact that the matrix material, silicon, is a major constituent of the compound. Surprisingly, to our knowledge, there are no reports on the uses of ion implantation into silicon to form compounds where silicon is not a major constituent.
The purpose of this letter is to demonstrate, for the first time to our knowledge, that buried compounds can be synthesized in silicon through sequential implantation of both constituents of the compound, followed by thermal annealing. We demonstrate this for the case of GaAs in silicon where sequential implantation of Ga and As is used to synthesize GaAs buried inside the silicon matrix. The GaAs exists in the form of nanocrystals which are threedimensionally oriented with respect to the silicon lattice. Compound formation takes place even though one of the constituents ͑As͒ is quite soluble in the silicon matrix ͑ϳ1.5ϫ10
/cm
3 ). Finally, we discuss the mechanism of formation, and we present an analysis describing how the free energy of formation is the critical parameter in determining whether the desired compound will form. These results suggest that it is possible to synthesize a wide range of compounds in silicon by ion-beam synthesis. In addition, at higher doses, it may be possible to form a continuous buried layer of GaAs by sequential ion implantation, providing a novel alternative to conventional heteroepitaxy of GaAs on silicon which is achieved by molecular beam epitaxy or chemical vapor deposition techniques. 13 Others 14 have used alternating deposition of low-energy Ga and As ions to form a layer of GaAs on silicon, and one attempt to form GaAs by ion-beam annealing has been reported. 15 To the best of our knowledge, however, this is the first time that GaAs has been synthesized inside silicon by any technique. Previously, 16 we showed that compound semiconductor nanocrystals could be produced inside both SiO 2 and Al 2 O 3 by sequential implantation.
Substrates used in this work are ͑100͒ oriented singlecrystal silicon wafers. These substrates were implanted by Ga ͑470 keV͒ and As ͑500 keV͒ ions. Under these conditions, TRIM simulations predict overlapping impurity profiles peaked at a depth of ϳ3200 Å with a full width at half maximum of ϳ2300 Å. Substrates were held at a temperature of 550°C during implantation to keep the near surface from turning amorphous. Following implantation, implanted samples were annealed for 1 h at 1000°C in flowing Arϩ4% H 2 . Samples were characterized in the as-implanted state and following annealing using x-ray diffraction (Cu K␣ 1 radiation͒ and Rutherford backscattering ͑RBS͒-ion channeling measurements ͑2.3 MeV He ions͒. Selected samples were also characterized using cross-sectional transmission electron microscopy ͑TEM͒.
Figure 1 shows x-ray diffraction results from a sample implanted sequentially with equal doses (1ϫ10 17 /cm 2 ) of Ga and As and subsequently annealed for 1 h at 1000°C. The -2 scan along the ͓001͔ direction shows the expected intense Si͑004͒ reflection. In addition, there are strong peaks identified as arising from zincblende GaAs, showing that this compound was formed as a result of implantation and annealing, and that the GaAs is oriented with its ͑001͒ planes parallel to the Si͑001͒ planes. A scan through the GaAs ͕202͖ reflections ͑Fig. 1, inset͒ shows fourfold symmetry and demonstrates that the GaAs is oriented in plane with its cubic FIG. 1. X-ray diffraction results demonstrating the presence of GaAs in silicon. The -2 scan along the ͑001͒ direction is shown along with an inset of the scan through the GaAs ͕202͖ reflections.
axes parallel to those of Si. Consequently, the GaAs is threedimensionally oriented with respect to the Si lattice. The lattice parameters determined from the x-ray results are aϭb ϭ5.653 Å and cϭ5.648 Å, which are slightly compressed relative to the bulk value ͑5.654 Å͒ of GaAs. The coherence lengths extracted from the width of the GaAs diffraction peaks are ϳ325 Å for the ͑004͒ reflection, and ϳ590 Å for the ͑002͒ reflection, showing that the GaAs particle size is in excess of 600 Å and that strain broadening is present. Finally, the GaAs nanocrystals have a mosaic spread of ϳ1°. In the as-implanted state, the GaAs diffraction peaks are observed also, but reduced in intensity by a factor of ϳ5. This demonstrates that some nucleation of the GaAs occurs during implantation. Figure 2 shows RBS-ion channeling measurements for a silicon crystal implanted ͑at 550°C͒ with equal doses (1 ϫ10 17 /cm 2 ) of Ga and As and subsequently annealed at 1000°C for 1 h. Scattering from Ga and As cannot be separated under these conditions, but depth scales in silicon are given for each. Results obtained from the as-implanted sample ͑not shown͒ demonstrate that the near surface was damaged by the implant but remained in the crystalline state. Annealing at 1000°C removes much of the lattice damage, and significant ion channeling is observed in the GaϩAs part of the spectrum. This channeling is the result of the cube-oncube alignment of the GaAs nanocrystals with the Si lattice. There is no long-range diffusion of the Ga or As and very little loss of impurity during annealing. Figure 3 presents a cross-section TEM image showing the microstructure and size of the GaAs nanocrystals in the near surface. Implantation and annealing conditions are the same as those in Figs. 1 and 2 . In Fig. 3 , the GaAs nanocrystals are located ϳ3000 Å below the surface and are observed to be elongated in a direction parallel to the surface. Particle size along the surface normal is typically 1000 Å and parallel to the surface can be up to several thousand angstroms. The electron diffraction pattern contains extra spots which arise from the oriented GaAs nanocrystals since these have a slightly larger lattice constant than Si. In addition, there is a band of voids or cavities observed between the surface and the nanoparticles. These voids arise from the coalescence of vacancies resulting from the implantation into silicon under these extreme conditions of dose and temperature, as seen in other studies. 17 Results presented in Figs. 1-3 demonstrate that GaAs nanoparticles can be synthesized inside Si by sequential implantation of Ga and As, and it is important to consider the mechanism of formation. In order to understand the driving force for the formation of the nanoparticles, the free energy change upon precipitation of GaAs out of solution in crystalline Si was estimated. The thermodynamic functions of Ga, As, and stoichiometric GaAs were taken from Tsao; 18 the solidus and liquidus compositions of Olesinski et al., were used for the Si-Ga 19 and Si-As 20 solutions. As discussed by Olesinski et al., there is a considerable amount of disagreement between the various literature studies of the equilibrium solubilities of Ga and As in Si, as well as between some of the thermodynamic solution models for the liquid. Consequently, our calculation is based on a very simple thermodynamic model. We have assumed that liquid Si-Ga and Si-As are ideal solutions, that the activity coefficients of Ga and of As supersaturated in c-Si are equal to their values at their respective solubility limits, and that there is no interaction between Ga and As in solid solution. For the solubility of As in Si, we used values from Olesinski and Abbaschian's Fig. 3 , which was synthesized from the earlier data of Trumbore 21 and of Sandhu and Reuter. 22 For the solubility of Ga, we used Olesinski et al.'s curve through Trumbore's 21 data, which are bracketed by two other data sets. With the assumptions discussed above, the chemical potential of Ga or As in solution in diamond cubic Si is given by
where kT has the usual meaning, X is the atomic fraction of Ga or As, respectively, g L (T) is the Gibbs free energy of pure liquid Ga or As, respectively, and the superscript ''e'' denotes equilibrium liquidus and solidus values. Because the interfacial tension is unknown and we expect its effects to be negligible, we have ignored the effect of capillarity on the free energies. Under these assumptions, Fig. 4 shows the calculated free energy change for precipitation of GaAs in the temperature range 600-1200°C. For a typical composition of the implanted material, 5 at.% Ga and 5 at.% As, we find a large driving force for precipitation of GaAs at all temperatures below the melting point of Si. At 1000°C, the Gibbs free energy change upon GaAs precipitation is Ϫ0.53 eV per atom. If the interfacial tension were 1 J/m 2 -a typical order of magnitude for solid/solid interfacial tensions and perhaps even slightly on the high side for lattice-matched materials-then the capillary-induced increase in the free energy of a precipitate would offset the bulk driving free energy when the precipitate radius approaches 0.5 nm. For precipitates considerably larger than this, we are justified in ignoring the capillary contribution to the free energy change upon precipitation. However, the capillary term may not be negligible during the later stages of growth and coarsening.
The thermodynamic calculations indicate that the free energy of nanoprecipitates of GaAs in Si is substantially more negative than that of the implanted Si solid solution at all temperatures up to the melting point, and the uncertainties in the thermodynamic functions are not large enough to change this conclusion. Hence, we should expect to observe this precipitation phenomenon at all annealing temperatures where there is sufficient atomic mobility for any kinetic processes to occur. We should also expect to be able to form other compound semiconductors in Si by this process and our preliminary results for GaP in silicon seem to confirm this. Others 23 have proposed a related criteria to explain elemental colloid formation in ion implanted SiO 2 .
In conclusion, we have demonstrated that GaAs nanocrystals can be formed inside Si by sequential implantation and annealing. The free energy of formation of the desired compound relative to that of other possible compounds or to the free energy of mixing of Si solid solutions provides a convenient criterion to determine whether compound formation can take place. 
